Aquifer Thermal Energy Storage (ATES) is a promising solution for reducing the time mismatch between energy production and demand in urban environments, and recent successful experiences suggest that technical issues can be overcome. The Paris area is a priori a favorable region, since there is locally a surplus of heat production during the summer, an appropriate geological reservoir and both existing and projected district heating networks. This article focuses on a remaining issue: estimating the geothermal contribution to the energy mix of a district heating network over time when using an ATES. This result would then enable estimating the fuel cost savings obtained by avoiding the consumption of expensive energies during the winter retrieval. This work considers an ATES made of two reversible wells reaching the Dogger aquifer and providing energy to a new low-temperature district heating network heating 7,500 housing-equivalents. Non-geothermal energy sources with fluctuating prices over time are used for winter peak demand and for summer heat storage. The temperature of brine unloading at the hot and cold wells is simulated and the adequacy of this geothermal system to meet the load is studied in order to evaluate the time dependent energy mix of the network. Results suggest that in average over the 30 years of operation, the ATES delivers 54 GWh per year to the heating system, i.e. a power of 9.5 MW during the 34 unloading winter weeks. The geothermal energy share in the energy mix is 70%, higher than the 50% possible with a conventional geothermal doublet. The ratio of energy delivered by the ATES divided by energy spent for storage reaches 143%, and is only slightly reduced to 137% when the cold storage is located on an existing cold plume created by past geothermal energy operations.
Introduction

The ATES concept and advantages of seasonal energy storage
In 2008, the residential and tertiary sectors were the largest contributors to total energy consumption in France (43% of a total of 160 Mtoe) and were responsible for 23% of the national CO 2 emissions, according to Ademe, the French Energy Agency (Ademe, 2009) . These are therefore priority sectors for the attainment of national objectives to reduce energy consumption and promote renewable energies. France is committed to reducing its national greenhouse gas emissions by a factor of 4 and to increasing the heat produced from renewable energies by 50% before 2050, in relation to 1990 levels.
In these sectors, 72% of the energy is used for space heating and household hot water supply. The heating energy demand is characterized by large fluctuations over time, with both short period variations (mornings, weekends, etc.) and variations in the weather in temperate zones imposing a highly seasonal pattern. Since most of the energy sources used to meet the seasonal peaks are of fossil origin, they make a significant contribution to CO 2 emissions. Furthermore, some of the energy produced inevitably by various processes (e.g. municipal waste incineration) may not be needed during the summer and, if it is not collected, will be wasted. The seasonal storage of thermal energy overcomes this temporal mismatch between production and consumption. The economic savings in operation and environmental advantages of seasonal energy storage are therefore based on the storage of green or surplus energy when it is available in the summer and its retrieval during the winter in order to avoid using expensive fossil energies.
The geological underground has proven to be a suitable medium for storing large quantities of heat over a long period, notably because of the thermal capacity of the ground and the low thermal conductivity of rocks (Nielsen, 2003) . Aquifer Thermal Energy Storage (ATES) is therefore an interesting technology for matching the demand of a district heating network with supply of heat on an inter-seasonal basis. During the summer, cold water is extracted from underground and warmed using the available surplus heat (Fig. 1, top panel) ; during the winter, hot water is extracted from the hot storage and used directly for district heating (Fig. 1, bottom panel) . Moreover, ATES technology offers large storage capacity while requiring only limited ground space, and is therefore well suited to urban environments.
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Fig. 1: Illustration of the doublet ATES concept during summer storage (top panel) and winter unloading (bottom panel). Adapted from
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Lessons learnt from past experience with aquifer hot storage
According to Sanner (1999) , the first reported experiment with hot water seasonal storage in aquifers was at Auburn University in the USA, in 1976. The accumulated technical and operational experience with ATES technology has been compiled and collated on the initiative of the International Energy Agency, in Annex 12 of the Energy Conservation Through Energy Storage program (IEA-ECES). For instance, nine deep ATES projects, including the one at Auburn University, are reviewed in the state of the art summary by Sanner (1999) .
At least four of these twelve projects (Plaisir Thiverval-Grignon in France, Dorigny in Switzerland, Horsholm in Denmark and Utrecht in the Netherlands) have experienced operating difficulties, the most common causes being corrosion or clogging problems due to geochemical changes in the groundwater resulting from temperature and pressure variations. The Le Plaisir Thiverval-Grignon project, in France, is a typical example of failure due to adverse complex geochemical and mechanical interactions. Geothermal water, initially at a natural temperature of 25°C, was stored under pressure at 180°C. Poorly designed completion and insufficient filtering led to rapid and repeated blocking of the hot well (in production and injection). A handling error then totally clogged the well and the project was abandoned in 1990, after a few years of operation. The operators concluded that the "objective of storage at 180°C appears to be too ambitious. It led to technological decisions which jeopardized the reliability of the installation" (Sanner, 1999) . Subsequent, ATES projects in France suffered the repercussions of this failure which, to date, remains the last experience with ATES.
Contrary to the setbacks observed on some hot storage projects during the eighties and nineties, recent hot storage operations are operating successfully. In Neubrendenburg, an ATES targeting a deep saline aquifer (1200 m -1300 m) has been operating since 2004 and unloaded 4−5 MW into the local heating network during the first winter. The Neubrendenburg plant reuses two former wells retrofitted with a composite fiber glass / epoxy liner to avoid corrosion issues (Kabus et al., 2005 (Kabus et al., , 2006 and uses specific geochemical and microbiological monitoring to validate the gradual increase in storage temperature (Kabus et al., 2009 ). Other ATES plants are operating successfully in shallower aquifers in the Netherlands, Canada, Sweden, Germany, Belgium and some other countries, as presented by Andersson (2007) and Lee (2010) .
As summarized by Bourbiaux (2011) , the ATES concept did not emerge as a heat storage solution during the eighties and nineties because of the combined influence of two issues:
(1) low hydrocarbon prices and (2) failures in pilot plants due to inadequate or too severe conditions. The above-mentioned more recent examples of success attest that the second issue can be overcome by adequate project design (proper operation design and material selection) and operation (water treatment) to ensure suitability to the geological and geochemical context. The economic issue remains and requires estimating the energy consumption over time. This article develops a method to calculate the energy mix of a heating network over time.
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Article published in Geothermics 47 (2013) In addition to the resolving of technical issues, industrial deployment of ATES technology depends on the economic profitability for project developers. Three conditions must be met locally to consider seasonal heat storage: there must be (i) a surplus of heat in the summer, (ii) a geological reservoir with good hydrodynamic and thermal properties and (iii) a district heating network that is suitable for winter unloading of the heat. As demonstrated below, these conditions are present in the Paris basin, which is therefore a favorable region for future ATES operations:
i) Three incineration plants operated by the SYTCOM are feeding 300,000 toe per year into heating networks, equivalent to the consumption of 300,000 housingequivalents (SYTCOM website, 2011) . This waste incineration is currently providing baseload energy to feed a large, steam heating network in the region. Average power of 100 MW is available during the summer low-demand period. ii) There is a considerable body of knowledge on the underlying Dogger aquifer resulting from successful experiences with low-enthalpy geothermal energy (Lopez et al., 2010) . This aquifer is the focus of this study. iii) The Ile-de-France region around Paris is the French region where district heating networks are the most developed, and one where they are still developing. They supply heat to 1 million housing-equivalents, 150,000 of which are heated by geothermal energy (Via Sèva and Ademe, 2010) .
However, in spite of this favorable context, these three criteria alone are not sufficient to assess the profitability of an ATES in the Paris region. Unlike conventional geothermal solutions, the temperature of the resource varies over weeks and with the seasons, as does the power available to feed a heating network. Moreover, the economic profitability of storage is also related to the strong fluctuations in fuel costs over time (summer storage of cheap surplus energy).
These two reasons make necessary the use of models that enable tracking of the temperature of the geothermal resource (ATES) and of the characteristics of the load (inlet and outlet temperatures, network flow rate) in order to estimate the geothermal feed power at a given time. It is then possible to calculate the energy mix of the network, which is considered to be composed of geothermal energy (from the ATES) and of non-geothermal available energy in time-varying proportions.
It should be noted that the name Aquifer Thermal Energy Storage (ATES) suggests that both the energy used for storage and that retrieved during unloading are considered. Since the latter results from interaction between the heating network characteristics (i.e. inlet and outlet temperatures, flow rate) and the geothermal resource (i.e. retrieved temperatures and flow rate), the acronym ATES should be seen as referring to the whole system comprising two reversible wells, the heat exchangers and the heating network. This is the definition assumed in this article.
Article published in Geothermics 47 (2013) As mentioned in the previous section, the Dogger aquifer has been exploited intensively for 40 years. According to Lopez et al. (2010) , there were 55 doublets in the eighties and 35 lowenergy geothermal plants are currently operating. This successful experience has left cold plumes where new low-enthalpy geothermal energy operations are no longer of interest. Moreover, the density of operations is not uniform: the wells are concentrated in four main areas while others are not used, partly because of their lower geothermal fluid temperature (Lopez et al., 2010) . ATES may therefore be seen as an opportunity to use the aquifer by creating or restoring the possibility of using geothermal energy in areas where the resource is not warm enough for conventional applications, as a result of natural conditions or former geothermal exploitation (Ungerer and Le Bel, 2006) . To address this impact correctly, we will consider positioning the cold well of the ATES in the aquifer at 65°C (reference case corresponding to the favorable regions of the Dogger aquifer) or at the location of the cold plume of a former doublet (alternative case).
This article therefore simulates seasonal heat storage in the Dogger aquifer (in Section 2). In Section 3, it presents an energy model used for combining these results with the district heating network load characteristics to assess energy consumption over time. Section 4 presents the results of this model applied to a heating network in the Paris region in terms of the network's energy mix over time.
Modeling of heat storage in the Dogger aquifer
2.1. Model description 2.1.1. Reservoir characteristics As a result of past low geothermal energy exploitation, 124 wells reached the Dogger and 70 are still operating. The aquifer's characteristics are therefore well known thanks to production tests, flow meter logs and NPHI logs which give valuable information on aquifer porosity, intrinsic transmissivity, number and thickness of productive layers and interstrata. In order to assess the hydraulic and thermal impacts of the ATES on the Dogger aquifer, we have used reservoir properties representative of this aquifer, as summarized in Table 1 .
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Conceptual reservoir model
The conceptual model used for hydrothermal modeling is based on a one-layer structure where the productive layers deduced from the flowmeter log are cumulated (Fig. 2) . The interstrata between productive layers, which act as a thermal buffer, are not considered here. Indeed, a study of the influence of the reservoir structure (Cordier and Goblet, 2009) shows that the simulated reservoir temperatures at each reversible well obtained with a one layer model or with a multilayer model (productive layers separated by impervious interstrata) are very similar.
The model uses a horizontal plane of symmetry in the middle of the aquifer and is therefore based on a three-dimensional meshing representing the upper half reservoir and the semiinfinite cap-rock. 
Simulation tools
The reservoir simulation results presented in this article are a small part of a much larger set (Hamm, 2011, Cordier and Goblet, 2010) intended to explore various ATES geometries. Thus, simulations were carried out using two modeling softwares: MARTHE developed at BRGM (Thierry, 1990) and METIS developed at Mines ParisTech (Cordier and Goblet, 1998) .
MARTHE is based on the finite volumes method. It is designed for fluid flow and general transfer processes (heat, solute) in porous media for variable geometries. METIS is based on the finite elements method and solves the same equations as MARTHE.
Simulation conditions and results
Simulation conditions
Unlike a "conventional geothermal exploitation", using one producer and one injector without reversibility, this ATES system produces a hot plume in the reservoir around the hot storage well during the summer period (hot well operates as an injector and the cold well as a producer) and a cold plume around the cold storage well during the winter period (hot well operates as a producer and the cold well as an injector).
The ATES system was simulated for a total of 30 one-year cycles each consisting of:  14 weeks of hot water storage at a constant flow rate of 300 m 3 /h and 95°C; this also induces water unloading at the cold well;  34 weeks of hot water unloading at varying flow rates and temperatures; the average flow rate was 242 m 3 /h and the average injection temperature at the "cold well" was 46.1°C.  2 weeks pause at the end of each period These baseline operating conditions is a hypothesis justified a posteriori since it maximizes the use of geothermal energy on the heating network. We note that this ATES operates with an unbalanced mass flow which results in an average annual overall flow of 80 m 3 /h from the hot well to the cold well. Fig. 3 presents the loading and unloading temperature at the hot and cold well for the reference case, where the aquifer is initially at a uniform temperature of 65°C. The results from the two codes fit well, allowing confidence in the validity of the simulated temperature unloading results, despite the fact that they are based on very different discretization approaches. The average of these two results is used for the energy calculations (section 3).
Temperature over time
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Fig. 3: Temperature curves computed at the hot and cold wells -comparison of MARTHE and METIS results
In addition, we simulate re-use of the location of a former operation, assuming that a previously existing conventional geothermal doublet has left a 430 m radius cold plume in the reservoir, with a minimum temperature of 45.6°C. The ATES cold well is located exactly at the center of this plume. The simulations show that this modification has no influence on the temperature at the hot well, located at a distance of 1.7 km from the center of this cold plume. The influence at the cold well appears clearly during the first cycles, before declining and becoming negligible from the 8 th cycle on (Fig. 4) . Fig. 5 shows the distribution of "hot" and "cold" plumes in the reservoir after 5, 10 and 30 reference case ATES cycles (i.e. initial uniform temperature of 65°C). Since the quantity of water exploited at the hot well is twice the quantity of water injected, on average 1380 kton against 705 kton per cycle, the temperature distributions do not evolve similarly. Over successive contractions and expansions, the cold plume grows in the direction of the hot well over the cycles, similarly to the development around the injector well in a conventional geothermal doublet. The cold plume, defined as the region where the temperature decrease exceeds 1°C, does not reach the hot production well or even the hot plume during the 30 years of ATES operation (see Fig. 5 ). th and 30 th cycles. It provides two types of information: the extent of the hot and cold plumes during ATES cycles and the heat stored during the summer and exploited in the winter. Moreover, the heat stored during a summer period is proportional to the temperature increase in the hot plume during that period. The difference in temperature profiles in the reservoir between the beginning and the end of a heat storage cycle (vertically hatched area) therefore represents the heat stored in the hot plume and the heat extracted in the cold plume. In addition, the difference between the original reservoir temperature (65°C) and the temperature profile at the end of the nth-cycle (slanting hatched area) represents the un-retrieved heat that may be considered as permanently stored at the hot well and the total heat extracted from the ground at the cold well, from the beginning of the operation to the nth cycle. At the end of the 30th cycle, the heat extracted from the aquifer by cooling it at the cold well is much higher than the heat lost by warming it at the hot well, which shows the overall extraction of energy from the reservoir, similarly to conventional geothermal energy. 
Hot and cold plumes evolution in the reservoir
Fig
Calculation of the network energy mix
An Excel application has been developed to calculate the network's energy mix over time, using maximum geothermal power and non-geothermal available energy as a complement when necessary. The application calculates the temperature of the available geothermal resource depending on the number of past cycles and on the mass of brine already unloaded during that cycle. This is then combined with the time-dependent load flow rate and "inlet" & "outlet" temperatures in order to deduce the energy mix of the network over weeks and cycles. The architecture of the energetic model is illustrated in Fig. 7 . The "heat exchanger" brown boxes at the center of the Fig. chain the different input components: operation, engineering constraints, load characteristics and geothermal resource.
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Model inputs and constraints
District heating demand
Below, we consider a large district heating network development in the Ile de France region designed to deliver heat and hot water to 7,500 housing-equivalents. Since the average consumption in the region is 11.4 MWh per year per housing-equivalent (Via-Sèva and Ademe, 2010), we estimate that the heating network delivers 85,000 MWh per year, or 10 MW on average. Network development is progressive starting at 40 % of its final power in the first year and with linear growth to 75% by the fifth year and full development in the fifteenth.
The seasonal variation of the demand is chosen to be representative of Paris weather conditions according to conventional guidelines (Skagestad and Mildenstein, 2002) and to some observed networks in the Paris area. The power demand is weekly averaged, eliminating consumption peaks during less than a week. This assumption constitutes an adequate approach to address the seasonal demand variation which is well captured with a weekly time-step.
The water flow rate and temperature variations, presented in Fig. 8 for the final district demand, are representative of new designs currently envisaged for deployment of geothermal energy in the Paris basin. They are characterized by a low water return temperature in order to increase the thermal exchanges with the geothermal fluid (Snoek et al., 2002) .
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Operating assumptions
We consider a geothermal system consisting of one doublet of reversible wells, as presented in the introduction. The model can be adapted to more complex ATES configurations, such as two parallel reversible doublets, synchronized or not.
The simulation forecasts 30 years of operation, the typical duration assumed for geothermal energy projects. The starting dates for storage and pauses and durations can vary. Based on the load time-variation (Fig. 8) , we consider hot storage dates from week 23 to week 36 and hot unloading from week 39 to week 21 of the following year. These periods are separated by 2 week pauses.
Geothermal resource
Unlike conventional geothermal energy plants, the temperatures of the geothermal resource retrieved from ATES, T G,hot and T G,cold , depend on the history of previous storage and unloading. Notably, at a given time t 0, T G,hot (t 0 ) depends on the history of the ATES flow rate Q G (t<t 0 ). Moreover, the unloading flow rate Q G (t 0 ) is itself depending on the resource temperature T G,hot (t 0 ) during the winter season since it is set in order to deliver maximum geothermal power to the heating network.
Numerical simulations presented in Section 2 have assessed the geothermal temperatures against time T G,hot (t) and T G,cold (t) (Fig.s 3 and 4) for a given baseline operation scenario with pre-defined variation in flow rate over time Q G (t). To overcome this interdependence between the geothermal temperatures T G,hot and T G,cold and the flow rate Q G , these results are converted into brine temperature on the basis of the unloaded mass of brine for each cycle (Fig. 9) .
Expressed in this manner, the temperature of the available resource is then used to calculate the network energy mix and the geothermal flow rates over time, which can be slightly
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Article published in Geothermics 47 (2013) 69-79 http://dx.doi.org/10.1016/j.geothermics.2013.02.005 13 different from the modeled baseline operation scenario without requiring new numerical simulations. We also note that, as long as the hot and cold water bodies are not interacting, the distance between these two wells in the aquifer is not important from a thermal point of view and the model can represent different kinds of underground geometric configurations (intra-well distance, number of reversible doublets). Fig. 9 enables comparison of the evolution of the retrieved brine temperature over cycles. At the hot well, retrieved temperature (Fig. 9, top panel) decreases from the storage temperature of 95°C down to 71−74°C over successive cycles. Even though the duration of hot unloading was set constant at 34 weeks (Section 2), the mass of unloaded hot brine increases over the first five cycles in order to deliver more power in accordance with district heating network expansion.
Fig. 9: Changes in temperature at hot and cold wells against the unloaded mass of brine over several cycles
During the first cycle, the temperature at the cold well (Fig. 9, bottom panel) is the original aquifer temperature, 65°C. From the 2 nd cycle on, cold unloading begins at 49°C, which corresponds to the temperature of cold brine injection at the end of the previous winter.
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Article published in Geothermics 47 (2013) The temperature at the cold well then increases with the extraction of cold water. From the fifth cycle on, the cold well temperature decreases first due to the heating network outlet temperature variations during the winter (Fig. 8) . This temperature is used to set the cold water injection temperature, which therefore varies from 50°C at the beginning of cold injection, down to 44°C during the coldest weeks and then back to 49°C at the end of the heating season. Fig. 9 also shows that the temperature at the end of unloading decreases during the 30 cycles at the cold well, whereas it is stable at 71°C from the 5 th cycle on at the hot well. This is a consequence of the almost stable hot plume from the 5 th cycle on and of the constantly growing cold plume, as presented in Fig. 6. 
Engineering constraints
The achievable flow rate for the geothermal wells and the possible storage temperature limit the power of the ATES directly. These parameters are constrained by engineering designs and reservoir integrity respectively. The geothermal well flow rate limit is set at Q G max = 300 m 3 /h, representative of the rates achieved by geothermal doublets that have recently come into operation in the same Dogger aquifer (Lopez et al., 2010) . A minimum flow rate of Q G min = 150 m 3 /h is assumed to be acceptable for the submersible electric pumps of the productive wells.
The rapid temperature change in the geothermal water modifies the equilibrium between dissolved and solid minerals, and can therefore induce dissolution or precipitation, the latter being likely to cause decreases in porosity and permeability, or dissolution. Cold injection is not constrained, since it is similar to the cold injection by currently operating geothermal doublets. Conversely, there is no similar industrial experience of warming of the Dogger brine and the geochemical impact has therefore been assessed through numerical simulations of reactive transport, as presented in Castillo & Azaroual (2010) . For the purposes of this article, a storage temperature T G storage = 95°C is considered.
In addition, the thermal energy exchanges between the geothermal brine and the heating network water are also limited by the heat exchanger. A thermal pinch ΔT=2°C is considered.
Heat exchanger model
In this paragraph we refer to the notations presented in Table 2 . Temperatures are expressed in °C, flow rate in m 3 .h -1 and power in MW. We also define the constant C = 4.18 MJ.m -3 .K -1 .
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Article published in Geothermics 47 (2013) During the summer storage season (Fig. 10) , non-geothermal available energy sources are used both for storage and for feeding of the heating network. We assume that the wells are used at their maximum flow rate. The power used for storage is given by:
The power used to feed the network during the summer is given deduced from the network temperatures and flow rate: During the winter unloading period (Fig. 11) , the heating network is fed by both the geothermal system and other available energy sources. The geothermal power delivered to the heating network is given by:
In order to extract maximum energy from the geothermal resource, the cold injection is set as low as possible:
The hot unloading temperature T G hot is given by the simulations as presented in Section 3.2. For calculation of the instantaneous geothermal flow rate Q G , four cases are distinguished based on the well maximum rate constraint Q G <Q G, max and on the fact that non-geothermal available energy sources are required if the geothermal resource is not hot enough to warm the heating network water to network inlet temperature. As illustrated in Fig. 12 , this leads to four cases for determination of the geothermal flow rate Q G . The heating network demand P HN is therefore met by a maximum of geothermal energy, other energy sources being used in addition, if necessary:
Energy results
Energy mix of the heating network
The previous section has presented the energy model and its input parameters. This section presents the results, which are based on temperature and flow rate fluctuations, as presented in the Fig.s 13 and 14 Based on these results, the energy mix of the heating network can be evaluated on a weekly basis during the 30 years of operation. Geothermal unloading can meet the demand fully during the first half of unloading. During the second half, the geothermal temperature is not high enough and additional energy sources are used to reach the network inlet temperature (Fig. 15) . During the first cycle, the ATES provides 29 GWh to the heating network, i.e. 75% of a 39 GWh demand. During the 5 th cycle, the higher temperature of the unloaded brine enables the ATES to deliver more energy to the heating system and the ATES to maintain its share in the energy mix: it represents 76% of the 67 GWh demand. Once the network demand is mature, from the 15 th cycle on, the ATES share in the energy mix is stable at 67% of the 86 GWh annual demand.
In average over the 30 years of operation, the ATES delivers 54 GWh/year to the heating system, i.e. a power of 9.5 MW during the 34 unloading winter weeks, and represents a 70% share of the energy mix.
In comparison, a conventional geothermal doublet without seasonal energy storage used for powering the same heating network would deliver in average of 36 GWh/year during the 30 years, representing a 50% share of the energy mix. 
Non-geothermal available energy consumption over time
Non-geothermal available energy sources are used both directly on the network as a supplementary energy source to geothermal power, and to warm the geothermal brine to its storage temperature during the summer, as presented in Fig. 16 During the summer period, Non-geothermal available energy use for hot storage is proportional to the storage flow rate and to the temperature increase when warming the geothermal brine. Since storage is at constant flow rate and temperature, the variation patterns of the cold brine temperature (Fig. 9 , bottom panel) directly explain the fluctuations over weeks and cycles observed in power consumption for the storage P NGAE  G (Fig. 16, green bars) . For instance, we note that initial storage requires much less energy than subsequently, since the cold brine was produced at the initial reservoir temperature, whereas it is colder in the following cycles after the creation of the cold plume.
During the 1 st cycle, 23 GWh are used for hot storage, 36 GWh during the 5 th one and 40 GWh during the last 30 th cycle. In average over the 30 years of operation, 38 GWh per year are used for heating the brine for the summer hot storage, i.e. a power of 16 MW during the 14 weeks of summer storage. Fig. 17 presents the ratio of the geothermal energy used to feed the network divided by the energy expended for storage. This definition is close to that of storage efficiency, but it should be borne in mind that our example is not a pure storage solution but a mix of storage combined with a conventional use of the geothermal energy: it may therefore exceed 1. Both the reference case (cold well initially at 65°C) and the alternative case (cold well located on a cold plume left by a former geothermal exploitation) are considered. Fig. 17 shows that efficiency increases steadily through the cycles and tends to stabilize close to 150% at 10 years. The only exception to this trend is the high value observed during the first reference cycle for the reference 65°C case, since the brine was produced at 65°C during initial storage, which is much higher than the cold temperature production during the following cycles (explanation provided in Section 3.2) Fig. 17 : Evolution of storage efficiency, i.e. the ratio of the geothermal energy feeding the network to the energy used for storage. In the reference case, both wells were initially located in the aquifer at 65°C. In the alternative case, the cold well is located on an existing cold plume at 45°C.
Storage efficiency
Over the 30 years of operation, the average value of this efficiency ratio is 143% for the reference case, and 137% for the alternative case, since the lower cold brine temperature induces an increase in energy consumption during the first summer hot storages. This example shows that the impact on storage efficiency of locating the cold well at the location of a former cold plume is marginal.
Conclusion
This work shows that ATES should consider the aquifer and the heating network as a single system in order to make proper energy analyses. Numerical simulations of the geothermal hot and cold storage and unloading cycles in the Dogger aquifer have been coupled with a realistic 7500 households-equivalents district heating network power demand in order to estimate the network's energy mix and the geothermal energy use over time. Results show that the ATES would provide 54 GWh per year to the heating system, geothermal energy providing 70% of the energy mix. It is significantly higher than the 50% share which is possible with a conventional geothermal doublet. Moreover, since ATES avoids the consumption of expensive and high carbon-emissions energies during the winter retrieval while consuming relatively cheap surplus low-carbon energy during the summer storage, it can be part of the technical solution to be implemented for fulfilling France's national objective of increasing by 50% the heat produced by renewable energies before 2050.
In addition, the thermal simulations suggest that placing the cold storage on the location of an existing cold plume only has a limited influence on the overall thermal efficiency of the ATES (reduction from 143% to 137%), which is particularly interesting for the Paris region: ATES plants would enable geothermal energy development to be pursued in areas that, due to the cold resource temperature, are not, or are no longer, of interest for low-enthalpy geothermal doublets.
